Baryon magnetic moments and beta decay ratios (G A /G V ) are calculated in a phenomenological quark model. Non-static effects of pion exchange and orbital excitation are included. Good agreement with experiment is found for a combined fit to all measured baryon magnetic moments and beta decay ratios. The model predicts an antiquark content for the proton that is consistent with the Gottfried sum rule.
I. INTRODUCTION
The original static quark model (SQM) made predictions for baryon magnetic moments [1] [2] [3] that were in remarkable qualitative agreement with early magnetic moment measurements. However, more accurate measurements of the magnetic moments of the baryon octet differ from the SQM predictions by up to 0.2 nuclear magnetons. Also, the SQM can not be reconciled with the ratio G A /G V of beta decay constants in baryon beta decay.
These quantitative failures of the SQM have generally been attributed to various "nonstatic" effects in the quark model. These non-static effects must break SU(3) symmetry if they are to improve the agreement of magnetic moment predictions with experiment. This can be seen from the disagreement with experiment of the sum rules [4] µ(p) − µ(n) + µ(Σ − ) − µ(Σ + ) + µ(Ξ 0 ) − µ(Ξ − ) = 0 (0.49 ± .05)
and µ(p) + 2µ(n) + µ(Ξ − ) − µ(Ξ 0 ) = 0 (−0.43 ± .01).
The most recent experimental value [5] for each sum rule is shown in parentheses in Eqs.
(1) and (2) .
For the baryon combinations in each sum rule, the non-static magnetic moment contributions would cancel if the ultimate contribution from each quark were independent of which baryon the quark was in. This "baryon independence" would follow, for instance, if the non-static parts of the baryon wave functions were SU(3) symmetric. Because of the cancellation of the non-static contributions, it was originally expected that the sum rules would be in better agreement with experiment than individual quark moments. However, subsequent tests of the sum rules showed that they disagreed with experiment by more than did any single magnetic moment [6] . The violation of the sum rules indicates that strong SU (3) breaking and baryon dependent non-static contributions are required for baryon magnetic moments.
The admixture of pion configurations to the quark model wave functions has been proposed [7] as an important SU(3) breaking non-static effect that would break the sum rules of Eqs. (1) and (2) . Such pion contributions were shown in I to improve quark model magnetic moment predictions significantly. But there was still substantial disagreement with experiment for some of the moments.
In this paper we show that the inclusion of orbital excitation, along with the pion contribution, permits us to extend the model to simultaneously fit magnetic moments and the beta decay ratios G A /G V , along with a better overall agreement with experiment. It had been very difficult to reconcile the quark model magnetic moment predictions with quark model beta decay ratios, especially G A /G V for neutron decay. The combination of the non-static effects (pionic and orbital) now makes it possible with the same quark model to achieve good agreement with experiment for the combined set of baryon magnetic moments and beta decay constants.
In Section 2 of this paper, we review the phenomenological treatment in I of pion components in the baryon wave functions, and the effect of pions on baryon magnetic moments. We extend the effect of pion admixtures to baryon beta decay as well. Section 3 adds an orbital component to the three quark wave function that leads to an orbital contribution to the magnetic moments and beta decay ratios. In Section 4 the two effects (pionic and orbital contribution) are combined to achieve a good fit of all measured baryon moments and beta decay G A /G V ratios. From the model parameters, we determine the quark spin distributions of the proton in its rest frame, and an antiquark content of the proton that is consistent with the Gottfried sum rule. We state our major conclusions in Section 5.
II. PION CONTRIBUTIONS TO BARYON MAGNETIC MOMENTS AND G A /G V
A detailed calculation of pion contributions to baryon magnetic moments is given in I. In this section we review that calculation, and extend it to the ratio G A /G V for baryon beta decay. There are two kinds of pion contribution. If pions are created and then absorbed by the same quark, they affect only that quark's anomalous moment. This contribution is independent of which quark the baryon is in. This means it cannot affect the magnetic moment sums in Eqs. (1) and (2) , and so cannot improve the overall prediction for baryon magnetic moments. The absorption of an emitted charged pion by a different quark in the same baryon leads to exchange currents. These are different for different baryons. For instance, the u quark in a proton can emit a positive pion that is then absorbed by the d quark in the proton. But this type of exchange current cannot occur in a Σ + hyperon where there is no d quark. Because these pion exchange contributions are baryon dependent, they do affect the sum rules, and can improve the prediction of baryon magnetic moments [8] .
If the exchange currents were SU(3) symmetric, then kaon and eta exchange currents would compensate for the pion exchange currents, preserving the disagreement with experiment of the sum rules. In I, and here, we assume that pion exchange dominates because of the particularly small mass of the pion. The effect of the heavier meson exchanges is neglected, breaking SU(3) as is necessary to improve agreement with experiment.
Any theory with full conservation of isotopic spin without SU(3) symmetry, such as occurs when pions dominate the exchange, will include baryon dependent charge exchange magnetic moment contributions. In our phenomenological representation of the pion component of baryon wave functions, isotopic spin is conserved at both the quark and the baryon level. This provides the proper mix of direct and exchange pion currents without specifying any specific mechansim of pion emission. The procedure for this is shown in detail in Section 3 of I. Here we outline the steps followed in I.
Physical baryon states |B > for each isomultiplet, including pionic parts, are defined by
In each of Eqs. 
between quark model states. The coefficient α is then determined from the normalization of the physical baryon state. For any quark model state B, the corresponding physical baryon state is
In I, the physical baryon states produced by the pion emission operator of Eq. (10) are compared to the physical baryon states in Eqs. (3)- (8) to determine the expansion coefficients β, δ, ǫ in terms of the pion emission coefficient γ. These expansion coefficents are listed in Table 1 . 
TABLES
In Table 1 , we have distinguished between γ, the pion emission coefficient for octet baryon states, and γ ′ the pion emission coefficient connecting octet states to decuplet states. Because of the higher masses of the decuplet states, the energy denominators would be larger and the overlap integrals smaller for the octet-decuplet transition than for octet-octet transitions in any calculation of γ. So we should expect that γ ′ will be smaller than γ. The Λ is considerably lighter than the Σ, and its wave function is different than that of the Σ, so we also use γ ′ for the Λ. The magnetic moment operator including the pion contribution is
where the µ i are the quark Dirac moments. We use the Dirac moment for the quarks, because we assume that any anomalous moment of the quarks is produced by the pion contributions of this paper. The pion is emitted in an L = 1 state and there is an effective orbital moment M L . We apportion the orbital moment between the pion and the recoiling baryon according to the center of mass relations
The orbital moments M π and M B are given in nuclear magnetons. The charges e π and e B are ±1, depending on the charge of the particular particle. The orbital moments depend on the masses, m B and m p and the ratio of the proton mass to an effective pion mass
Since the pion motion is, in fact, relativistic we take the ratio M to be an adjustable parameter in fitting the baryon magnetic moments. The baryon magnetic moments are given by the expectation value of µ op in the physical baryon states given by Eqs. (3)- (8) . The calculation leads to Eqs. (A1)-(A8) for eight octet baryon magnetic moments in the Appendix of I. We reproduce these equations here [9] , along with additional results for the decuplet moments µ Ω − and µ ∆ ++ , and for the transition moment µ ∆p .
On the right hand sides of Eqs. (16)- (26), Baryon symbols have been used to represent static quark model magnetic moments, while quark symbols represent quark magnetic moments coming from baryon resonances in the quark model. We have replaced the u-quark moment by using u = −2d, corresponding to our use of Dirac moments for the quarks. The constants g and g ′ are related to the pion emission constants by
The pion admixtures in the physical baryon states affect magnetic moments in three ways:
1. An orbital magnetic moment due to the fact that the pions are emitted in an L = 1 state.
2. The quark model magnetic moments for the recoil baryons.
3. The decrease in the bare baryon probability given by the normalization condition
We see from the above derivation that the pion contribution to baryon magnetic moments depends on three parameters. We take these to be 1. The probability that the physical nucleon contains one pion
2. The proton/pion effective mass ratio M.
3. The ratio of ∆-π to N-π probabilities in the nucleon
Note that this definition of R ∆ differs from the ratio R given in I by the factor (32/25).
The beta decay constants are given by matrix elements of the operatorŝ
where τ + and v + are isotopic spin (used for neutron beta decay) and v-spin (used for hyperon beta decay) raising operators. G A has no explicit pion part because the pion with J P = 0 − does not contribute directly to G A .Ĝ V would have a pion part. We do not include it because we need applyĜ V to only the quark model wave function to get G V for any baryon. Then, because the vector current is conserved (CVC), including pions will not change G V .
Using the operatorsĜ A andĜ V between the physical baryon states of Eqs. (3)- (8) gives, after some algebra, the following results for the ratios
The normalization constants α B are given by
III. ORBITAL EXCITATION
There are seven different types of orbital excitation that could affect the magnetic moment of a three quark bound state of spin 1 2 . These are listed in the Appendix of Ref. [3] . (At that early stage of the quark model, the possibility of a ground state with orbital angular momentum had not been ruled out, and this resulted in the angular momentum l 0 appearing in the angular states. Now it is known that the l 0 appearing there is zero, so that it can just be left out of the equations.)
Of these angular momentum states, we expect that the state with Dalitz angular momenta l = 1, L = 1, with L + l = 0 to be the most important. This state is listed as state (5) in Ref. [3] . It is sometimes referred to as the S ′ state because it has no total orbital angular momentum. States (1)-(4±) in Ref. [3] have l or L of 2, and some must couple to total quark spin of 3 2 . State (6) also has l = L = 1, and could be of comparable size with the l + L = 0 state, but turns out not to have as much effect on magnetic moments and beta decay ratios. [10] The effect of the l + L = 0 orbital state on baryon magnetic moments is through the change in the quark spin states. Two identical quarks must now be in a spin zero state, so that the magnetic moment of the six baryons with two identical quarks will be that of the odd quark. Taking into account the decrease in the normalization of the ground state, the change in the baryon magnetic moment for these six baryons is
where µ q ′ is the magnetic moment of the unlike quark, and B represents the static quark model magnetic moment of baryon B. The coefficient η is the probability for the physical baryon to be in the l + L = 0 state. The quark spin states of the Λ and Σ 0 are just interchanged in the l + L = 0 state. This results in
These orbital additions should be added to the baryon magnetic moments listed in Eqs. (16)- (22) The l + L = 0 excitation also affects the beta decay ratios. These can be calculated from the spin states of the baryons for this state, and an angular overlap integral over the internal cordinates. For this purpose, it helps to write the l + L = 0 state in terms of the two vectors, r and ρ. r is the vector between the two like quarks in a baryon, and ρ is the vector from the midpoint of r to the third, unlike quark. Then the wave function for this state can be written as
where ψ 0 (r, ρ) is spherically symmetric in both vectors, and χ ′ is the spin state
For a beta decay like n → p, the matrix element to be evaluated is
Note that in the two wave functions, the quark ordering is permuted for the two like quarks. This leads to a factor of − 1 2 from the angular integral for these wave functions. This factor of − 1 2 enters for all beta decay matrix elements except for the Σ − to neutron decay where the overlap factor is +1. The spin projections for the beta decay operatorĜ A are then straightforward, and the results are
These orbital corrections should all be added to the beta decay ratios given in Eqs. (33)- (37). The coefficient -η should also be included in the square roots for the normalization constants in Eqs. (39)- (43).
IV. RESULTS.
In this section we provide the results of a χ 2 fit to experiment of eleven magnetic moment predictions and five beta decay ratio predictions. The model includes quark model magnetic moments and beta decay constants, modified by pion direct and exchange currents, and some orbital excitation. The static quark model involves two parameters, the input masses of the nucleon and strange quarks. The pion contribution involves three additional parameters, P π , the percentage of pion admixture in the nucleon, M, the effective pion magnetic moment, and R ∆ , the ratio of ∆-π to N-π admixture in the nucleon. The orbital contribution is characterized by the probability η of the orbital excitation. So that we are fitting sixteen experimental quantities with six parameters, corresponding to ten degrees of freedom (DF).
The results of this fit are shown in table 3. The pure quark model two parameter fit, and the fit with only the pion contribution are also shown for comparison. We have also included the model prediction for the beta decay ratio G A/V (∆ ++ → p), which is used in the calculation of weak proton capture on 3 He [14] . The resonance transition moment µ(∆ + p) is not included in the fit because its experimental determination is not clear. All the magnetic moments are in units of nuclear magnetons (nm), while the beta decay ratios are pure numbers. In determining χ 2 , we have used a theoretical error of 0.05 nm added in quadrature with the experimental errors. This is used to avoid having the fit to theory arbitrarily dominated by the most accurate measurements. 
In all fits, the Λ quark model state has been corrected for Λ-Σ 0 mixing [11] resulting from electromagnetic and QCD mass dependent isospin breaking in the quark model. This mixing is required in any consistent quark model calculation at this level of accuracy. The mixing adds about +0.04 nm to the Λ magnetic moment, and has a somewhat smaller effect on the other cases involving the Λ. Mixing is included in all the Λ entries shown in table 3.
The χ 2 fit for the static quark model (SQM) in Table 3 does not include the beta decay ratios. It is clear that the SQM is especially bad for the neutron decay, and including it would raise χ 2 to well over 100. Among the magnetic moments, the Sigmas and the Xis are the worst fit for the SQM. Including Pion exchange considerably improves the magnetic moment fits. The Sigma problem is corrected, but there is still a mismatch between the Xi and the nucleon moments. The most remarkable feature of the pion fit is the great improvement in G A/V for the neutron. This permits an overall fit to both beta decay ratios and magnetic moments. But this still is not enough to achieve really good agreement with experiment. Finally, adding the orbital state is seen to achieve a reasonable fit.
The best fit parameters for the (pi+orbital) case are shown at the bottom of table 3. The ± values on the parameters correspond to an increase in χ 2 of χ 2 /DF . The parameters all have reasonable values. The probability of pions in the physical nucleon is rather high, but M is close to the orbital magnetic moment for a pion of the physical mass. Although R ∆ is not large, the decuplet cannot be completely left out. Doing so increases χ 2 to 32. The importance of each effect can be judged by the effect on χ 2 when it is left out. Leaving out the orbital excitation (η=0) increases χ 2 to 51, while leaving out the pion exchange (P π =0) increases χ 2 to 104. So it is clear that a combination of non-static effects (in this model, pion exchange, decuplet baryons, and orbital excitation) is required to achieve a reasonable fit to all baryon moments and beta decay ratios. That is why so many earlier calculations that concentrated on only one non-static effect could not achieve good overall fits.
If the theoretical error of 0.05 nm is raised to 0.077 nm, then χ 2 is 10, and equal to the number of degrees of freedom. So that 0.077 nm could be considered the level of accuracy of this model. Actually, to bring χ 2 down to the number of degrees of freedom for the 0.05 nm theoretical error would require shifts in some predictions of much less than 0.05 nm. There are a number of small effects we have left out that could be close enough to 0.05 nm to improve the accuracy. Also, all six parameters which have been kept constant, should vary a bit from baryon to baryon, which could considerably reduce χ 2 . To achieve this would require an accurate detailed calculation in a specific theory, beyond the simple phenomenological model considered here.
The quark and pion wave functions can be used to calculate the quark spin projections ∆u, ∆d, and the total quark spin projection Σ. The spin projection for quark q is defined by
where the sum is over only typeuarks. The total quark spin projection Σ is given by the sum of σ z over all quarks
It follows from isotopic spin rotation that the quark spin projections are related to G A/V for the neutron by
It has to be emphasized here that these quark spin projections are for the proton in its rest system. They are not the same as corresponding quark spin projections on the light cone at infinite momentum, which are calculated using QCD sum rules for polarized deep inelastic scattering asymmetries. Since QCD is a strong interaction, a boost to infinite momentum produces gluons and quark-antiquark pairs that were not in the rest frame wave function. This changes the individual and total quark spin projections. Equation (56) is not affected by the boost if it is assumed that the quark pairs produced in the boost are charge symmetric. It then becomes the well known Bjorken sum rule.
We find for the rest frame spin projections ∆u = 0.98 ± .05, ∆d = −0.35 ± .01, Σ = 0.63 ± .06.
While this shows a considerable decrease in total quark spin projection from the static quark model value Σ = 1, it is not as great a decrease as that indicated in QCD sum rules. Note that, since this model has no SU(3) symmetry, ∆s = 0. The pion component of the proton can be considered as a quark-antiquark sea in the rest frame wave function. This has no quark spin projection because the pions are spin zero, but does contribute orbital angular momentum to the total angular momentum of the proton. The z component is calculated as the expectation value of L z for the pions L z = 0.19 ∓ .06.
As required by conservation of angular momentum, we see that
Considering the pions as quark-antiquark pairs, we can also calculate the antiquark content u and d of the proton. We find u = 0.07, d = 0.26, d − u = 0.19 ± .03.
With this value for d-u, the quark and antiquark contribution to the Gottfried sum rule [15] is
in good agreement with the experimental result [16] of S G = 0.24 ± .03. This result would survive a boost because the quark pairs produced by QCD are expected to have equal numbers of u-u and d-d pairs.
V. CONCLUSION
Our main conclusion is that a relatively simple phenomenological quark model can provide a combined fit to the beta decay ratios and magnetic moments. The longstanding problem of reducing the static quark model prediction of 5/3 for the neutron G A/V can be solved if there is a sizeable pion component in the nucleon, along with some orbital and decuplet excitation. The pions in the proton wave function also provide the appropriate difference of d − u antiquarks to satisfy the Gottfried sum rule.
